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Duplexes of 21±23 nucleotide (nt) RNAs are the
sequence-speci®c mediators of RNA interference
(RNAi) and post-transcriptional gene silencing
(PTGS). Synthetic, short interfering RNAs (siRNAs)
were examined in Drosophila melanogaster embryo
lysate for their requirements regarding length, struc-
ture, chemical composition and sequence in order to
mediate ef®cient RNAi. Duplexes of 21 nt siRNAs with
2 nt 3¢ overhangs were the most ef®cient triggers of
sequence-speci®c mRNA degradation. Substitution of
one or both siRNA strands by 2¢-deoxy or 2¢-O-methyl
oligonucleotides abolished RNAi, although multiple
2¢-deoxynucleotide substitutions at the 3¢ end of
siRNAs were tolerated. The target recognition process
is highly sequence speci®c, but not all positions of a
siRNA contribute equally to target recognition;
mismatches in the centre of the siRNA duplex prevent
target RNA cleavage. The position of the cleavage site
in the target RNA is de®ned by the 5¢ end of the guide
siRNA rather than its 3¢ end. These results provide a
rational basis for the design of siRNAs in future gene
targeting experiments.
Keywords: PTGS/RNA interference/small interfering
RNA

Introduction

Post-transcriptional gene silencing (PTGS) mediated by
double-stranded (ds) RNA represents an evolutionarily
conserved cellular defence mechanism for controlling the
expression of alien genes in protists, ®lamentous fungi,
plants and animals (Fire, 1999; Bass, 2000; Cogoni and
Macino, 2000; Carthew, 2001; Hammond et al., 2001b;
Sharp, 2001; Tuschl, 2001; Voinnet, 2001; Waterhouse
et al., 2001). It is believed that random integration of alien
genes (such as transposons) or viral infection causes
production of dsRNA, which activates sequence-speci®c
degradation of homologous single-stranded mRNA or
viral genomic RNA, thereby preventing expression or
replication of the foreign genetic material. The dsRNA is
used as the guide RNA in this sequence-speci®c RNA
degradation process. In some cases, dsRNA may also be

involved in ampli®cation of the silencing signal important
for systemic spread (Palauqui et al., 1997; Voinnet et al.,
1998) or long-term maintenance of silencing (Dalmay
et al., 2000; Mourrain et al., 2000; Smardon et al., 2000).
In animals, the dsRNA-triggered silencing effect is
referred to as RNA interference (RNAi; Fire et al., 1998).

One important feature of the mechanism of RNAi
is the processing of long dsRNAs into duplexes of
21±25 nucleotide (nt) RNAs. These short RNA products
were ®rst detected in plant tissues that exhibited transgene-
or virus-induced PTGS (Hamilton and Baulcombe, 1999),
but were also found later in ¯y embryos and worms
injected with long dsRNAs (Parrish et al., 2000; Yang
et al., 2000) or in extracts from Drosophila melanogaster
Schneider-2 (S2) cells that were transfected with dsRNA
(Hammond et al., 2000). The processing reaction of long
dsRNAs to 21±23 nt RNAs was ®rst recapitulated in vitro,
in extracts prepared from D.melanogaster embryos
(Zamore et al., 2000) and later in extracts from S2 cells
(Bernstein et al., 2001). In the embryo lysate, it was
observed that the target mRNA was cleaved in ~21 nt
intervals (Zamore et al., 2000) and that synthetic 21 and
22 nt RNA duplexes added to the lysate were able to guide
ef®cient sequence-speci®c mRNA degradation, while
duplexes of 30 bp dsRNA were inactive (Elbashir et al.,
2001b). The 21 nt RNA products were therefore named
small interfering RNAs or silencing RNAs (siRNAs).

A ribonuclease III enzyme, dicer, is required for
processing of long dsRNA into siRNA duplexes
(Bernstein et al., 2001). It was recently shown that dicer
has an additional cellular function and is also required for
excision of 21 and 22 nt small temporal RNAs (stRNAs)
from ~70 nt stable stem±loop precursors (Grishok et al.,
2001; HutvaÂgner et al., 2001). These tiny expressed RNA
molecules are important regulators of developmental
timing and control the translation of downstream regula-
tory genes (Ambros, 2000; Moss, 2000; Pasquinelli et al.,
2000). stRNAs are different from siRNAs in that the target
mRNA is not degraded during silencing (Wightman et al.,
1993; Olsen and Ambros, 1999) and they are single
stranded (Reinhart et al., 2000), while siRNAs are
believed to be double stranded (Elbashir et al., 2001b;
HutvaÂgner et al., 2001).

In RNAi, a siRNA-containing endonuclease complex
cleaves a single-stranded target RNA in the middle of the
region complementary to the 21 nt guide siRNA of the
siRNA duplex (Elbashir et al., 2001b). This cleavage site
is one helical turn displaced from the cleavage site that
produced the siRNA from long dsRNA, suggesting
dramatic conformational and/or compositional changes
after processing of long dsRNA to 21 nt siRNA duplexes.
The target RNA cleavage products are rapidly degraded
because they either lack the stabilizing cap or poly(A) tail.
A protein component of the ~500 kDa endonuclease or
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RNA-induced silencing complex (RISC) was recently
identi®ed and is a member of the argonaute family of
proteins (Hammond et al., 2001a); however, it is currently
unclear whether dicer is required for RISC activity.

It is also unknown whether RISC contains single- or
double-stranded siRNAs. By analogy to stRNA excision, it
may be envisaged that only one of the strands of a siRNA
duplex is incorporated into a catalytic siRNP, but because
of the symmetry of the siRNA duplex, two approximately
equal populations of sense and antisense strand-containing
catalytic siRNPs are produced. Synthetic siRNA duplexes
cleaved sense as well as antisense target RNAs in the
middle of the region covered by the siRNA duplex in
D.melanogaster lysate (Elbashir et al., 2001b). However,
longer dsRNAs did not produce symmetric sense and
antisense target RNA cleavage sites in embryo lysate
(Elbashir et al., 2001b), suggesting that the direction of
processing of long dsRNA de®ned which of the strands of
the resulting siRNA duplex could be used for guiding
target degradation. Some protein, involved in the produc-
tion of the 21 nt siRNA duplexes, may be deposited on the
siRNA duplex to mark the strand that is going to be used
for guiding target RNA cleavage.

Despite the lack of profound mechanistic understand-
ing, RNAi has rapidly developed into an important tool for
reverse genetics and has been widely applied in
Caenorhabditis elegans (Fraser et al., 2000; GoÈnczy
et al., 2000; Piano et al., 2000; Maeda et al., 2001), as
well as in insects (see references in Lam and Thummel,
2000) and insect cell lines (Clemens et al., 2000;
Hammond et al., 2000; Ui-Tei et al., 2000). RNAi has
also been shown to occur in a variety of vertebrates by
targeting of mRNAs important for embryonic develop-
ment. In differentiated mammalian cells, dsRNAs with
>30 bp generally activate the interferon response, which
leads to a global shut-off in protein synthesis as well as
non-speci®c mRNA degradation (Stark et al., 1998). This
unspeci®c response to long dsRNAs can be bypassed using
21 nt siRNA duplexes, resulting in speci®c knock-down of
the expression of the targeted gene (Elbashir et al., 2001a;
HutvaÂgner et al., 2001), providing a new method for
analysis of mammalian gene function in cultured cells.

Here we describe the results of a systematic analysis of
the length, secondary structure, sugar backbone and
sequence speci®city of siRNA duplexes for RNAi, using
the established D.melanogaster embryo in vitro system.
The most potent siRNA duplexes are 21 nt long,
comprising a 19 nt base-paired sequence with 2 nt 3¢-
overhanging ends. The 5¢ end of the target-complementary
siRNA strand (guide siRNA) sets the ruler to de®ne the
position of target RNA cleavage. Furthermore, we ®nd that
target recognition is extremely speci®c, as even single

nucleotide mismatches between the siRNA duplex and the
target mRNA abolish interference. These results provide a
rational basis for the design of siRNAs for future gene
targeting experiments.

Results

Variation of the 3 ¢ overhang in duplexes of
21 nt siRNAs
We reported previously that two or three unpaired
nucleotides at the 3¢ end of siRNA duplexes were more
ef®cient in target RNA degradation than blunt-ended
duplexes (Elbashir et al., 2001b). To perform a more
comprehensive analysis of the function of the terminal
nucleotides, we synthesized ®ve 21 nt sense siRNAs, each
displaced by one nucleotide relative to the target RNA, and
eight 21 nt antisense siRNAs, each displaced by one
nucleotide relative to the target (Figure 1A). By combining
these sense and antisense siRNAs, a series of eight siRNA
duplexes with symmetric overhanging ends were gener-
ated spanning a range from 7 nt 3¢ overhang to 4 nt 5¢
overhang. The interference was measured using the dual
luciferase assay system (Tuschl et al., 1999; Zamore et al.,
2000). siRNA duplexes were directed against ®re¯y
luciferase mRNA and sea pansy luciferase mRNA was
used as internal control. The luminescence ratio of target
to control luciferase activity was determined in the
presence of siRNA duplex and was normalized to that
observed in its absence. For comparison, the interference
ratios of long dsRNAs (39±504 bp) are shown in Figure 1B
(Elbashir et al., 2001b). The interference ratios were
determined at concentrations of 5 nM for long dsRNAs
(Figure 1A) and at 100 nM for siRNA duplexes
(Figure 1C±J). The 100 nM concentration of siRNAs
was chosen because complete processing of 5 nM 504 bp
dsRNA would result in 120 nM total siRNA duplexes.

The ability of 21 nt siRNA duplexes to mediate RNAi is
dependent on the number of overhanging nucleotides or
base pairs formed. Duplexes with 4±6 3¢-overhanging
nucleotides were unable to mediate RNAi (Figure 1C±F),
as were duplexes with two or more 5¢-overhanging
nucleotides (Figure 1G±J). The duplexes with 2 nt 3¢
overhangs were most ef®cient in mediating RNA inter-
ference, although the ef®ciency of silencing was also
sequence dependent and up to 12-fold differences were
observed for different siRNA duplexes with 2 nt 3¢
overhangs (compare Figure 1D±H). Duplexes with blunted
ends, 1 nt 5¢ overhang or 1±3 nt 3¢ overhangs were
sometimes functional and sometimes completely inactive.
The small silencing effect observed for the siRNA duplex
with 7 nt 3¢ overhang (Figure 1C) may be due to an
antisense effect of the long 3¢ overhang rather than to

Fig. 1. Variation of the 3¢ overhang of duplexes of 21 nt siRNAs. (A) Outline of the experimental strategy. The capped and polyadenylated sense
target mRNA is depicted and the relative positions of sense and antisense siRNAs are shown. Eight series of duplexes according to the eight different
antisense strands were prepared. The siRNA sequences and the number of overhanging nucleotides were changed in 1 nt steps. (B) Normalized
relative luminescence of target luciferase (Photinus pyralis, Pp-luc) to control luciferase (Renilla reniformis, Rr-luc) in D.melanogaster embryo lysate
in the presence of 5 nM blunt-ended dsRNAs (Elbashir et al., 2001b). The luminescence ratios determined in the presence of dsRNA were normalized
to the ratio obtained for a buffer control (bu; black bar). Normalized ratios less than 1 indicate speci®c interference. (C±J) Normalized interference
ratios for eight series of 21 nt siRNA duplexes. The sequences of siRNA duplexes are depicted above the bar graphs. Each part shows the interference
ratio for a set of duplexes formed with a given antisense guide siRNA and ®ve different sense siRNAs. The number of overhanging nucleotides
(3¢ overhang, positive numbers; 5¢ overhang, negative numbers) is indicated on the x-axis. Data points were averaged from at least three independent
experiments. Error bars represent standard deviations.
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RNAi. Comparison of the ef®ciency of RNAi between
long dsRNAs (Figure 1B) and the most effective 21 nt
siRNA duplexes (Figure 1E, G and H) indicates that a
single siRNA duplex at 100 nM concentration can be as
effective as 5 nM 504 bp dsRNA.

Length variation of the sense siRNA paired to an
invariant 21 nt antisense siRNA
In order to investigate the effect of the length of siRNAs
on RNAi, we prepared three series of siRNA duplexes,
combining three 21 nt antisense strands with eight 18±25 nt
sense strands. The 3¢ overhang of the antisense siRNA was
®xed to 1, 2 or 3 nt in each siRNA duplex series, while the

sense siRNA was varied at its 3¢ end (Figure 2A).
Independently of the length of the sense siRNA, we
found that duplexes with 2 nt 3¢ overhang of antisense
siRNA (Figure 2C) were more active than those with 1 or
3 nt 3¢ overhang (Figure 2B and D). In the ®rst series, with
1 nt 3¢ overhang of antisense siRNA, duplexes with 21 and
22 nt sense siRNAs, carrying a 1 and 2 nt 3¢ overhang of
sense siRNA, respectively, were most active. Duplexes
with 19±25 nt sense siRNAs were also able to mediate
RNA, but to a lesser extent. Similarly, in the second series,
with 2 nt overhang of antisense siRNA, the 21 nt siRNA
duplex with 2 nt 3¢ overhang was most active and any other
combination with the 18±25 nt sense siRNAs was active to

Fig. 2. Variation of the length of the sense strand of siRNA duplexes. (A) Representation of the experiment. Three 21 nt antisense strands were paired
with eight sense siRNAs. The siRNAs were changed in length at their 3¢ end. The 3¢ overhang of the antisense siRNA was 1 nt (B), 2 nt (C) or
3 nt (D), while the sense siRNA overhang was varied for each series. The sequences of the siRNA duplexes and the corresponding interference ratios
are indicated.
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a signi®cant degree. In the last series, with 3 nt antisense
siRNA 3¢ overhang, only the duplex with a 20 nt sense
siRNA and 2 nt sense 3¢ overhang was able to reduce target
RNA expression. Together, these results indicate that the
length of the siRNA as well as the length of the 3¢
overhang are important, and that duplexes of 21 nt siRNAs
with 2 nt 3¢ overhang are optimal for RNAi.

Length variation of siRNA duplexes with a
constant 2 nt 3 ¢ overhang
We then examined the effect of simultaneously changing
the length of both siRNA strands by maintaining symmet-
rical 2 nt 3¢ overhangs (Figure 3A). Two series of siRNA
duplexes were prepared, including the 21 nt siRNA duplex
of Figure 1H as reference. The length of the duplexes was
varied between 20 and 25 bp by extending the base-paired
segment at the 3¢ end of the sense siRNA (Figure 3B) or at
the 3¢ end of the antisense siRNA (Figure 3C).

Duplexes of 20±23 bp caused speci®c repression of
target luciferase activity, but the 21 nt siRNA duplex was
at least 8-fold more ef®cient than any of the other
duplexes. siRNA duplexes of 24 and 25 nt did not result in
any detectable interference. Sequence-speci®c effects
were minor as variations on both ends of the duplex
produced similar effects.

2 ¢-deoxy- and 2 ¢-O-methyl-modi®ed
siRNA duplexes
To assess the importance of the siRNA ribose residues for
RNAi, duplexes with 21 nt siRNAs and 2 nt 3¢ overhangs
with 2¢-deoxy- or 2¢-O-methyl-modi®ed strands were
examined (Figure 4). Substitution of the 2 nt 3¢ overhangs
by 2¢-deoxynucleotides had no effect and even the
replacement of two additional ribonucleotides by 2¢-
deoxyribonucleotides adjacent to the overhangs in the
paired region produced signi®cantly active siRNAs. Thus,
8 out of 42 nt of a siRNA duplex were replaced by DNA

Fig. 3. Variation of the length of siRNA duplexes with preserved 2 nt 3¢ overhangs. (A) Graphic representation of the experiment. The 21 nt siRNA
duplex is identical in sequence to the one shown in Figures 1H and 2C. The siRNA duplexes were extended to the 3¢ side of the sense siRNA (B) or
the 5¢ side of the sense siRNA (C). The siRNA duplex sequences and the respective interference ratios are indicated.
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residues without loss of activity. Complete substitution of
one or both siRNA strands by 2¢-deoxy residues, however,
abolished RNAi, as did complete substitution by 2¢-O-
methyl residues.

De®nition of target RNA cleavage sites
Target RNA cleavage positions were previously deter-
mined for 22 nt siRNA duplexes and for a 21 and 22 nt
duplex (Elbashir et al., 2001b). The position of target RNA
cleavage was located in the centre of the region covered by
the siRNA duplex, 11 or 12 nt downstream of the ®rst
nucleotide that was complementary to the 21 or 22 nt
siRNA guide sequence. Five distinct 21 nt siRNA
duplexes with 2 nt 3¢ overhang (Figure 5A) were incubated
with 5¢ cap-labelled sense or antisense target RNA in
D.melanogaster lysate (Tuschl et al., 1999; Zamore et al.,
2000). The 5¢ cleavage products were resolved on
sequencing gels (Figure 5B). The amount of sense target
RNA cleaved correlated with the ef®ciency of siRNA
duplexes determined in the translation-based assay, and
siRNA duplexes 1, 2 and 4 (Figures 5B, 1E, G and H)
cleaved target RNA faster than duplexes 3 and 5
(Figures 5B, 1D and F). Notably, the sum of radioactivity
of the 5¢ cleavage product and the input target RNA were
not constant over time and the 5¢ cleavage products did not
accumulate. Presumably, the cleavage products, once
released from the siRNA±endonuclease complex, were
rapidly degraded due to the lack of either the poly(A) tail
or the 5¢ cap.

The cleavage sites for both sense and antisense target
RNAs were located in the middle of the region spanned by
the siRNA duplexes. The cleavage sites for each target
produced by the ®ve different duplexes varied by 1 nt
according to the 1 nt displacement of the duplexes along
the target sequences. The targets were cleaved precisely
11 nt downstream of the target position complementary to
the 3¢-most nucleotide of the sequence-complementary
guide siRNA (Figure 5).

In order to determine whether the 5¢ or the 3¢ end of the
guide siRNA sets the ruler for target RNA cleavage, we
devised the experimental strategy outlined in Figure 6A

Fig. 5. Mapping of sense and antisense target RNA cleavage by 21 nt
siRNA duplexes with 2 nt 3¢ overhangs. (A) Representation of 32P
(asterisk) cap-labelled sense and antisense target RNAs and siRNA
duplexes. The position of sense and antisense target RNA cleavage is
indicated by triangles on top and below the siRNA duplexes,
respectively. (B) Mapping of target RNA cleavage sites. After 2 h
incubation of 10 nM target RNA with 100 nM siRNA duplex in
D.melanogaster embryo lysate, the 5¢ cap-labelled substrate and the 5¢
cleavage products were resolved on 6% sequencing gels. Length
markers were generated by partial RNase T1 digestion (T1) and partial
alkaline hydrolysis (OH) of the target RNAs. The bold lines to the left
of the images indicate the region covered by the siRNA strands 1 and 5
of the same orientation as the target.

Fig. 4. Substitution of the 2¢-hydroxyl groups of the siRNA ribose
residues. The 2¢-hydroxyl groups (OH) in the strands of siRNA
duplexes were replaced by 2¢-deoxy (d) or 2¢-O-methyl (Me). 2 and 4 nt
2¢-deoxy substitutions at the 3¢ ends are indicated as 2- and 4-nt d,
respectively. Uridine residues were replaced by 2¢-deoxythymidine.
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and B. A 21 nt antisense siRNA, which was kept invariant
for this study, was paired with sense siRNAs that were

modi®ed in length at either of their 5¢ or 3¢ ends. The
position of sense and antisense target RNA cleavage was

Fig. 6. The 5¢ end of a guide siRNA de®nes the position of target RNA cleavage. (A and B) Representation of the experimental strategy. The
antisense siRNA was the same in all siRNA duplexes, but the sense strand was varied between 18 and 25 nt by changing the 3¢ end (A) or 18 and
23 nt by changing the 5¢ end (B). The position of sense and antisense target RNA cleavage is indicated by triangles on top and below the siRNA
duplexes, respectively. (C and D) Analysis of target RNA cleavage using cap-labelled sense (top) or antisense (bottom) target RNAs. The residual
amount of targeted substrate and the cap-labelled 5¢ cleavage products are shown. The sequences of the siRNA duplexes are indicated and the length
of the sense siRNA strands is marked on top. The control lane, marked with a dash in (C), shows target RNA incubated in absence of siRNAs.
Markers were as described in Figure 5. The arrows in (D), bottom, indicate the target RNA cleavage sites that differ by 1 nt.
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determined as described above. Changes in the 3¢ end of
the sense siRNA, monitored for 1 nt 5¢ overhang to 6 nt 3¢
overhang, did not affect either the position of sense nor
antisense target RNA cleavage (Figure 6C). Changes in the
5¢ end of the sense siRNA did not affect the sense target
RNA cleavage (Figure 6D, top), as expected, because the
antisense siRNA was unchanged. The residual amount of
uncleaved sense target RNA (Figure 6C and D top)
correlated with the ef®ciency of siRNA duplexes deter-
mined in translation-based assays (Figure 2C and data not
shown), but did not correlate with the amount of detected
cleavage product. Accumulation of cleavage products was
more pronounced for the longer and less ef®cient siRNA
duplexes, suggesting that product release may have
become rate limiting. Because the antisense siRNA was
kept unchanged while the sense siRNA was varied, an
alteration in product release implies a role of the sense
siRNA strand in the target RNA degradation process.

Changes in the 5¢ end of the sense siRNA, in contrast to
its 3¢ end, strongly affected antisense target RNA cleavage
(Figure 6D, bottom). The antisense target was only
cleaved when the sense siRNA was 20 or 21 nt in size.
The position of cleavage differed by 1 nt, suggesting that
the 5¢ end of the target-recognizing siRNA sets the ruler
for target RNA cleavage. This position is located between
nucleotide 10 and 11 when counting in an upstream
direction from the target nucleotide paired to the 5¢-most
nucleotide of the guide siRNA (see also Figure 5A).

Sequence effects and 2 ¢-deoxy substitutions in the
3 ¢ overhang
The 2 nt 3¢ overhang is critical for siRNA function. We
wanted to know whether the sequence of the overhanging
nucleotides contributes to target recognition or is only a
feature required for reconstitution of the endonuclease
complex (RISC or siRNP). We synthesized sense and
antisense siRNAs with AA, CC, GG, UU and UG 3¢
overhangs and included the 2¢-deoxy modi®cations TdG
and TT (T, 2¢-deoxythymidine; dG, 2¢-deoxyguanosine).
The wild-type siRNAs contained AA in the sense 3¢
overhang and UG in the antisense 3¢ overhang (AA/UG).
All siRNA duplexes were functional in the interference
assay and reduced target expression at least 5-fold
(Figure 7). The most ef®cient siRNA duplexes, which
reduced target expression >10-fold, were of the sequence
type NN/UG, NN/UU, NN/TdG and NN/TT (N, any
nucleotide). siRNA duplexes with an antisense siRNA 3¢
overhang of AA, CC or GG were less active by a factor of
2±4 when compared with the wild-type sequence UG or
the mutant UU. This reduction in RNAi ef®ciency is likely
to be due to the contribution of the penultimate 3¢
nucleotide to sequence-speci®c target recognition, as the
3¢-terminal nucleotide was changed from G to U without
effect.

Changes in the sequence of the 3¢ overhang of the sense
siRNA did not reveal any sequence-dependent effects,
which was not surprising because the sense siRNA is not
expected to contribute to the sequence-speci®c recognition
of the sense target mRNA.

Sequence speci®city of target recognition
In order to examine the sequence speci®city of target
recognition, we introduced sequence changes into the

paired segments of siRNA duplexes and determined the
ef®ciency of silencing. Sequence changes were introduced
by inverting short segments of 3 or 4 nt or inducing point
mutations (Figure 8). The sequence changes in one siRNA
strand were compensated for in the complementary siRNA
strand to avoid perturbing the base-paired siRNA duplex
structure. The sequence of all 2 nt 3¢ overhangs was TT to
reduce costs of synthesis. The TT/TT reference siRNA
duplex was comparable in RNAi to the wild-type siRNA
duplex AA/UG (Figure 7). The ability to mediate reporter
mRNA destruction was quanti®ed using the translation-
based luminescence assay. Duplexes of siRNAs with
inverted sequence segments showed dramatically reduced
ability for targeting the ®re¯y luciferase reporter
(Figure 8). The sequence changes located between the 3¢
end and the middle of the antisense siRNA completely
abolished target RNA recognition, but mutations near the
5¢ end of the antisense siRNA exhibited a small degree of
silencing. Transversion of the AU base pair located
directly opposite the predicted target RNA cleavage site
or 1 nt further away from the predicted site prevented
target RNA cleavage, therefore indicating that a single
mutation within the centre of a siRNA duplex discrimin-
ates between mismatched targets.

Discussion

siRNAs are valuable reagents for inactivation of gene
expression, not only in insect cells but also in mammalian
cells, with a great potential for therapeutic application
(Elbashir et al., 2001a). We have systematically analysed
the structural determinants of siRNA duplexes required
to promote ef®cient target RNA degradation in
D.melanogaster embryo lysate, thus providing rules for
the design of most potent siRNA duplexes. A perfect
siRNA duplex is able to silence gene expression with an

Fig. 7. Sequence variation of the 3¢ overhang of siRNA duplexes.
The 2 nt 3¢ overhang (NN, in grey) was changed in sequence and
composition as indicated (T, 2¢-deoxythymidine; dG, 2¢-deoxy-
guanosine; asterisk, wild-type siRNA duplex). Normalized interference
ratios were determined as described in Figure 1. The wild-type
sequence is the same as depicted in Figure 4.
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ef®ciency comparable to a 500 bp dsRNA, given that
comparable quantities of total RNA are used.

The siRNA user guide
Ef®ciently silencing siRNA duplexes are composed of
21 nt sense and 21 nt antisense siRNAs and must be
selected to form a 19 bp double helix with 2 nt 3¢-
overhanging ends. 2¢-deoxy substitutions of the 2 nt 3¢-
overhanging ribonucleotides do not affect RNAi, but help
to reduce the costs of RNA synthesis and may enhance
RNase resistance of siRNA duplexes. More extensive 2¢-
deoxy or 2¢-O-methyl modi®cations reduce the ability of
siRNAs to mediate RNAi, probably by interfering with
protein association for siRNP assembly.

Target recognition is a highly sequence-speci®c pro-
cess, mediated by the siRNA complementary to the target.
The 3¢-most nucleotide of the guide siRNA does not
contribute to the speci®city of target recognition, while the
penultimate nucleotide of the 3¢ overhang affects target

RNA cleavage and a mismatch reduces RNAi 2- to 4-fold.
The 5¢ end of the guide siRNA also appears more
permissive for mismatched target RNA recognition when
compared with the 3¢ end. Nucleotides in the centre of the
siRNA, located opposite to the target RNA cleavage site,
are important speci®city determinants and even single
nucleotide changes reduce RNAi to undetectable levels.
This suggests that siRNA duplexes may be able to
discriminate mutant or polymorphic alleles in gene
targeting experiments, which may become an important
feature for future therapeutic developments.

Sense and antisense siRNAs, when associated with the
protein components of the endonuclease complex or its
commitment complex, were suggested to play distinct
roles; the relative orientation of the siRNA duplex in this
complex de®nes which strand can be used for target
recognition (Elbashir et al., 2001b). Synthetic siRNA
duplexes with an equal number of overhanging nucleotides
have dyad symmetry with respect to the double-helical
structure, but not with respect to sequence. The association
of siRNA duplexes with the RNAi proteins in the
D.melanogaster lysate leads to the formation of two
asymmetric complexes. In such hypothetical complexes,
the chiral environment is distinct for sense and antisense
siRNA, hence their function. The prediction obviously
does not apply to palindromic siRNA sequences or to
RNAi proteins that could associate as homodimers. To
minimize sequence effects that may affect the ratio of
sense- and antisense-targeting siRNPs, we suggest using
siRNA sequences with identical 3¢-overhanging se-
quences. We recommend adjusting the sequence of the
overhang of the sense siRNA to that of the antisense 3¢
overhang because the sense siRNA does not have a target
in typical knock-down experiments. Asymmetry in the
reconstitution of sense- and antisense-cleaving siRNPs
could be, partially, responsible for the variation in RNAi
ef®ciency observed for various 21 nt siRNA duplexes
with 2 nt 3¢ overhangs used in this study (Figure 1).
Alternatively, the nucleotide sequence at the target site
and/or the accessibility of the target RNA structure may be
responsible for the variation in ef®ciency observed for
these siRNA duplexes. It should be noted that all siRNAs
used in this study are derived from a short region of one
gene. Thus, it is more likely that differences in siRNA
ef®ciency are a consequence of the primary sequences of
the siRNAs and the respective target sites, rather than the
secondary or tertiary structure of the targeted RNA.

Natural siRNAs versus synthetic siRNAs
In D.melanogaster, siRNA duplexes are produced in vitro
and in vivo from long dsRNAs (Hammond et al., 2000;
Yang et al., 2000; Zamore et al., 2000). About 45% of
these short RNAs are precisely 21 nt long, 28% are 22 nt
long and a few percent are shorter or longer RNAs
(Elbashir et al., 2001b). This length distribution correlates
with our ®nding that 21 nt siRNA duplexes are the most
ef®cient mediators of mRNA degradation. Beside the
length, the paired structure and overhang are also import-
ant. This structural feature may explain why siRNA
duplexes isolated from the dsRNA processing reaction
under denaturing conditions were less potent for RNAi
than longer dsRNAs that were processed to siRNAs during
the targeting reaction (Zamore et al., 2000). Presumably,

Fig. 8. Sequence speci®city of target recognition. The sequences of the
mismatched siRNA duplexes are shown, modi®ed sequence segments
or single nucleotides are shaded in grey. The reference duplex (ref) and
the siRNA duplexes 1±7 contain 2¢-deoxythymidine 2 nt overhangs.
The silencing ef®ciency of the thymidine-modi®ed reference duplex
was comparable to the wild-type sequence (Figure 7). Normalized
interference ratios were determined as described in Figure 1.
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denaturation followed by renaturation favoured the for-
mation of the thermodynamically more stable, blunt-
ended, but less active, siRNA duplexes. Isolation of
siRNAs under native conditions does not reduce siRNA
activity (NykaÈnen et al., 2001).

Production of siRNAs from long dsRNA requires the
RNase III enzyme dicer (Bernstein et al., 2001). Dicer is a
bidentate RNase III, which also contains an ATP-depend-
ent RNA helicase domain and a PAZ domain, presumably
important for dsRNA unwinding and mediation of
protein±protein interactions, respectively (Cerutti et al.,
2000; Bernstein et al., 2001). Dicer is evolutionarily
conserved in worms, ¯ies, plants, fungi and mammals
(Matsuda et al., 2000), and has a second cellular function
important for the development of these organisms (Ray
et al., 1996; Jacobsen et al., 1999; Grishok et al., 2001;
HutvaÂgner et al., 2001; Knight and Bass, 2001). At
present, it is uncertain whether dicer activity in species
other than D.melanogaster produces siRNAs of predom-
inantly 21 nt in length. The estimates of siRNA size vary in
the literature between 21 and 25 nt (Hamilton and
Baulcombe, 1999; Hammond et al., 2000; HutvaÂgner
et al., 2000; Parrish et al., 2000; Yang et al., 2000; Zamore
et al., 2000; Elbashir et al., 2001b).

In a recent study of the effect of siRNA length in
mammalian cells (primary mouse embryonic ®broblasts,
293 and HeLa cells), duplexes of 21±27 nt siRNAs with
2 nt 3¢ overhangs were directed against different co-
transfected reporter genes (Caplen et al., 2001). Duplexes
of 22 and 23 nt siRNAs were found to be slightly more
ef®cient in triggering sequence-speci®c gene silencing
than 21 nt siRNA duplexes. In our hands, using the dual
luciferase assay system in HeLa cells, 21 nt siRNA
duplexes with 2 nt 3¢ overhang are 2- to 3-fold more
ef®cient than 20 or 22±25 nt siRNA duplexes (data not
shown), therefore recapitulating the results obtained from
the D.melanogaster biochemical system. In contrast to the
D.melanogaster system, siRNA duplexes >23 nt in length
are still triggering some RNAi in HeLa cells and also in
C.elegans (Caplen et al., 2001). However, it remains to be
determined whether the RNA strands ®nally incorporated
into the active endonuclease complex are of the initially
provided length. It is possible that exonucleases present in
C.elegans and mammalian cells trim longer siRNAs to
their optimum length and that these exonucleases are
absent from D.melanogaster lysate.

The functional anatomy of long dsRNAs as a trigger for
RNAi was analysed previously in C.elegans (Parrish et al.,
2000). Activation of RNAi by injection of long dsRNA
requires at least two steps: dsRNA processing by dicer
RNase III and siRNP or RISC formation. Substitution of
one of the strands of the long dsRNA by DNA abolished
RNAi and even the substitution of C by dC or U by dT in
only one of the strands caused a substantial decrease in
RNAi. Because introduction of 2¢-¯uoro modi®cations
into long RNA had no effect, it was suggested that an A-
form double helical structure was important for triggering
RNAi (Parrish et al., 2000). We have been able to
substitute eight ribose residues of a siRNA duplex by 2¢-
deoxyribose residues without substantial reduction of
RNAi, although it should be noted the 2¢-deoxy modi®-
cations were clustered at the 3¢ end of the siRNAs,
including the 2 nt 3¢ overhangs. It is possible that the four

2¢-deoxy modi®cations, which are located in the paired
region at the end of the helix, do not affect the overall A-
form helical structure and do not strongly compromise
RISC formation. Complete modi®cation of one or both
siRNA strands by 2¢-deoxyribose, however, abolished
RNAi. Interestingly, substitution by 2¢-O-methylribose,
which adopts the ribose sugar pucker, also abolished
RNAi, probably because methylation of the 2¢-hydroxyls
blocked hydrogen bond formation or introduced steric
hindrance.

It was recently demonstrated that a 5¢-phosphate on the
target-complementary strand of a siRNA duplex is
required for siRNA function and that ATP is used to
maintain the 5¢-phosphates of the siRNAs (NykaÈnen et al.,
2001). However, 5¢-phosphorylation of fully 2¢-deoxy- or
2¢-O-methyl-modi®ed siRNA strands was not able to
restore RNAi (data not shown). Unmodi®ed siRNA
duplexes with free 5¢-hydroxyls and 2 nt 3¢ overhangs
are readily phosphorylated in D.melanogaster embryo
lysate (NykaÈnen et al., 2001). In this respect, it should be
noted that our reported RNAi ef®ciencies were determined
by pre-incubating the siRNA duplexes for 15 min in
D.melanogaster lysate before adding target and control
mRNAs, thus providing suf®cient time for 5¢-phosphoryl-
ation of siRNA duplexes to occur. Comparison of the
RNAi ef®ciencies of 5¢-phosphorylated and 5¢-non-phos-
phorylated siRNAs (for duplexes shown in Figures 1E, F
and 2C) did not reveal any sizeable differences (data not
shown).

Conclusions
We have performed an extensive analysis of the length,
sequence and structure of siRNA duplexes in
D.melanogaster embryo lysate. Duplexes of 21 nt
siRNAs with 2 nt 3¢ overhangs were shown to be the
most ef®cient triggers of RNAi-based mRNA degradation.
The target recognition is a highly sequence-speci®c
process, although not all positions of a guide siRNA
contribute equally to speci®city. These results are import-
ant for the design of ef®cient siRNAs in order to silence
genes in D.melanogaster and provide a basis for similar
studies in other organisms.

Materials and methods

RNA preparation and RNAi assay
Chemical RNA synthesis, annealing and luciferase-based RNAi assays
were performed as described previously (Tuschl et al., 1999; Zamore
et al., 2000; Elbashir et al., 2001b). Synthetic RNAs were gel puri®ed
after deprotection. The formation of siRNA duplexes was veri®ed by
agarose gel electrophoresis using 4% NuSieve GTG agarose (BMA,
Rockland, ME) in 0.53 TBE buffer. All siRNA duplexes were directed
against ®re¯y luciferase and the luciferase mRNA sequence was derived
from pGEM-luc (DDBJ/EMBL/GenBank accession No. X65316) as
described (Tuschl et al., 1999). The siRNA duplexes were incubated in a
D.melanogaster RNAi/translation reaction for 15 min prior to addition of
mRNAs. Translation-based RNAi assays were performed at least in
triplicate.

For mapping of sense target RNA cleavage, a 177 nt transcript was
generated, corresponding to the ®re¯y luciferase sequence between
positions 113 and 273 relative to the start codon, followed by the 17 nt
complement of the SP6 promoter sequence (Elbashir et al., 2001b). For
mapping of antisense target RNA cleavage, a 166 nt transcript was
produced from a template, which was ampli®ed from plasmid sequence
by PCR using the 5¢ primer TAATACGACTCACTATAGAGCCCATA-
TCGTTTCATA (T7 promoter underlined) and 3¢ primer AGAG-
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GATGGAACCGCTGG. The target sequence corresponds to the com-
plement of the ®re¯y luciferase sequence between positions 50 and 215
relative to the start codon. Guanylyl transferase labelling was performed
as described previously (Zamore et al., 2000). For mapping of target RNA
cleavage, 100 nM siRNA duplex was incubated with 5±10 nM target
RNA in D.melanogaster embryo lysate under standard conditions
(Zamore et al., 2000) for 2 h at 25°C. The reaction was stopped by the
addition of 8 vols of proteinase K buffer [200 mM Tris±HCl pH 7.5,
25 mM EDTA, 300 mM NaCl, 2% (w/v) SDS]. Proteinase K (dissolved in
water; Merck) was added to a ®nal concentration of 0.6 mg/ml. The
reactions were then incubated for 15 min at 65°C, extracted with phenol/
chloroform/isoamyl alcohol (25:24:1) and precipitated with 3 vols of
ethanol. Samples were loaded on 6% sequencing gels. Length standards
were generated by partial RNase T1 digestion and partial base hydrolysis
of the cap-labelled sense or antisense target RNAs.
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